Objective: This study investigated the microanatomical response to compression of intact and degenerate cartilage-on-bone samples with the aim of elucidating the functional consequences of articular surface disruption and related matrix changes.
Introduction
The earliest macroscopic changes in articular cartilage, either with age or disease, begin with fraying of the superficial zone 1, 2 . At higher magnification there is increased fibril aggregation in the cartilage general matrix and increased calcification of the osteochondral junction 1e5 . It is thought that the initial disruption of the articular surface may arise from either mechanical overloading or degenerative weakening 6 . This superficial disruption may be evidence of developing osteoarthritis (OA) 7, 8 involving a progression towards more extensive surface fragmentation and the formation of radial clefts which descend into and beyond the transition zone (TZ) 6 . However, any biological or repair response to such disruptions in the cartilage matrix is severely limited unless the damage crosses the tidemark (TM) 9, 10 .
The TM is defined as the boundary between the deep articular cartilage and the zone of calcified cartilage (ZCC) and was first described by Fawns and Landells 11 . It has also been described as the biologically significant termination of the mineralization front of the ZCC which in turn acts as the growth plate in a developing joint 12 . In OA, endochondral ossification is thought to cause thickening of the mineralized tissues and thinning of the overlying articular cartilage 12e14 and is further hypothesized to be triggered by mechanical factors that act directly in the region of the TM 15 . Histological studies reveal the presence of multiple TMs in the OA joint 12,16e18 , coupled with thickening and over-mineralization of the ZCC 18 .
Biomechanically, the TM provides a tethering mechanism at the point of fibril anchorage to the calcified zone 19 . It has been suggested that a smooth transfer of stress from the compliant articular cartilage to the rigid underlying bone could be achieved through changes in orientation and packing density of the collagen fibrils in the articular cartilage adjacent to the TM 20 . Osteochondral shear fracture studies have also demonstrated the changing vulnerability of this junction region with respect to degree of maturity 21 .
There are therefore multi-zonal effects, from the articular surface right down into the osteochondral region, which would appear to be implicated in the degenerative cascade leading eventually to end-stage OA. Such effects are also likely to influence the process of load transfer within the cartilageebone system. A recent micro-biomechanical study has shown that the articular surface and osteochondral junction provide strain-limiting functions that control the extent of deformation and related force distribution in the healthy cartilage matrix during compression 22 . An obvious question that now arises is how varying degrees of degenerative change in the cartilageebone system might influence its response to loading. This question was explored in the research reported in this new paper.
Materials and methods

TISSUE SOURCE AND CLASSIFICATION
For this study the bovine patella was adopted as a model tissue system. This large-mammal organ provides a reliable source of joint cartilage that has been well documented with respect to age and degree of degeneration 4,5,23e25 , and also furnishes relatively planar cartilage-on-bone samples suitable for mechanical testing. Importantly, bovine patellae exhibit a range of histological features similar to those seen in humans. These bovine tissues can thus be classified using standard histological grading systems (see e.g., Mainil-Varlet et al. 26 ).
Patellae were obtained from freshly slain mature cows and stored frozen at À20 C in plastic wrapping. Prior to any experimentation the patellae were thawed in cold running water and their surfaces stained with Indian ink 27 to identify the presence and extent of any fibrillation ( Fig. 1 ).
SAMPLE PREPARATION
The patellae were classified into two broad groups: (1) intact i.e., showing no macroscopic surface disruption (N ¼ 10), (2) mildly to severely degenerate (N ¼ 10) as judged from the extent of fibrillation ( Fig. 1) . A cartilagee bone sample with en face dimensions of %14 Â 14 mm was sawn from the distal-lateral quadrant of each patella. The sample included approximately 6 mm of subchondral bone (SB) to provide support for the cartilage layer when loaded. The block was then immersed in 0.15 M saline for a minimum of 2 h at 4 C to provide for full equilibration as described in previous studies 28 .
LOADING PROTOCOL
Each sample was embedded in a stainless steel holder with Plaster of Paris and, prior to its setting, placed in a conventional loading apparatus ( Fig. 1 ). The sample was then minimally loaded in compression with an 8 mm diameter plane-ended polished cylindrical indenter sufficient to force it gently into the still soft plaster. This ensured that there was near-parallel contact between the indenter face and the articular surface.
The mounted sample was equilibrated in 0.15 M saline and statically loaded at a constant stress of 7 MPa. This stress was within the physiological range 29 and enabled a near-equilibrium deformation state to be achieved within %3 h 22 . While still in this loaded equilibrium state the saline bathing solution was replaced with 10% formalin (with cetylpyridium chloride) and left for at least 12 h at room temperature in order to fix-in the deformed tissue structure. It should be noted that while the indenter geometry used in this study provides a much more acute deformation discontinuity than would be experienced in the articulating joint in vivo, this loading arrangement does provide a means of accurately comparing response between different categories of tissues.
SECTION PREPARATION FOR MICROSCOPIC STUDIES
Following the above loading/fixation procedure, the sample was removed from its holder, washed in cold running water to remove excess formalin, and then decalcified to facilitate easy sectioning of the osteochondral region. Decalcification was carried out in 8% formic acid solution for 3 days 30 . The sample was then rinsed in cold water, soaked in dilute ammonia solution (0.0025%) for 30 min to neutralise any remaining acid, and finally rinsed in cold water for 2 h.
A diametric vertical cut was made through each decalcified osteochondral sample to obtain the full cross-sectional profile of the directly loaded/fixed matrix and its wider continuum. The samples were then snap-frozen and cryosectioned using a sledging microtome to obtain 30e60 mm thick frozen osteochondral sections close to the original diametric cut. These sections were then wet-mounted in saline on a glass slide under a cover slip and examined using differential interference contrast (DIC) optical microscopy.
In DIC two sets of prisms and polarizers are used where the first splits the beam of polarized light and the second recombines it. In between these prisms, the split beams traverse through the specimen which alters the wave paths and lengths in accordance to the specimen's varying properties of thickness and refractive index. Thus as a result of passing through the specimen the relative phases of the two wave fronts are changed in relation to the specimen properties. After passing through the second prism and 
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A. Thambyah and N. Broom: On how degeneration influenced load-bearing in the cartilageebone system polarizer, the recombined beams have an intensity that is a function of the relative phase difference. This intensity is then used to generate an image which includes a representation of the varying properties of the specimen 31 . Previous publications by our group 3, 25 have demonstrated the suitability of DIC imaging for structural studies of normal and degenerate cartilage matrices.
Results
MICROANATOMICAL DETAILS: INTACT VS DEGENERATE
For the intact tissues five structural zones were readily identified using DIC as follows: (1) the superficial tangential zone (SZ) with its characteristically 'flattened' chondrocytes and associated matrix [ (5) intense waviness of these multiple TMs (see especially Fig. 7 ); (6) vascular invasion from the SB deep into the ZCC with what appeared to be an associated formation of primary bone. Careful focusing in the immediate vicinity of these vascular channels revealed the presence of osteocytes (see arrows in Fig. 8 ). These vascular invasions were also seen to branch within the ZCC as spicule-like formations ( Fig. 8 ).
MICROANATOMICAL RESPONSE TO COMPRESSION
The lower magnification images in Fig. 9 show typical deformation fields associated with the intact and degenerate samples following compression. The response of the intact tissue [ Fig. 9 (a)] shows the characteristic shear discontinuity or 'chevron' boundary in the transitional zone which has 1413 Osteoarthritis and Cartilage Vol. 15, No. 12 been described elsewhere as arising from an interplay of the strain-limiting constraints provided by both the articular surface layer and osteochondral attachment and the inherent structural properties of the TZ 22 . In the mildly compromised samples in which the articular surface is still largely undisrupted the chevron shear boundary remains clearly imaged. However, the shear strain is more acute than in the intact tissues [compare dotted lines in Fig. 9 (a) and (b)].
In the moderate to severely degenerate tissues in which the strain-limiting surface layer is absent, there is no chevron discontinuity [ Fig. 9(c,d) ]. Instead, the cartilage deformation field is shaped primarily by the constraint provided by its osteochondral attachment and a laterally skewed compressive collapse of the directly loaded region. This altered deformation field can be traced back to its origin in the axi-symmetric central region of loading where there is a radiating pattern of deformation, laterally outwards and upwards through the remaining cartilage thickness from the osteochondral boundary [ Fig. 10(b) ]. This contrasts with the intact tissue where, in the equivalent axi-symmetric region the strain-limiting role of its tangential surface layer is clearly evident [ Fig. 10(a) ].
In proceeding from the indenter edge into the non-directly loaded region of the intact tissue, there is a gradual dissipation of the intense shear boundary [ Fig. 11 (a)] as previously described by Thambyah and Broom 22 . This dissipation ends with the development of tensile force lines in the upper zone [ Fig. 11(b) ]. In the mildly degenerate tissue [ Fig. 11 (c)] the shear dissipation was completed closer to the indenter edge than in the intact tissue, the associated tensile force lines now correspondingly closer to the indenter edge [ Fig. 11(d) ]. Also, in the immediate vicinity of the shear discontinuity within the edge-effect region of the mildly degenerate samples a secondary crease structure could be resolved (see Fig. 12 ). In the moderate to severely degenerate tissues in which there was no shear discontinuity [see Fig. 9 (c,d)] the matrix immediately beyond the indenter edge has compressed in a skewed, laterally directed manner. At higher magnification this same matrix manifests a distinct radial texture [ Fig. 13 (a)] that in some regions has undergone an 'in-phase' collapse [ Fig. 13(b) ].
Discussion
A major challenge for the joint tissue researcher is to be able to characterize easily, and with adequate structural clarity, the degree of abnormality or degeneration of the cartilageebone system, and then to express this altered state in functionally relevant terms. The experimental approach we have used in this study captures visually at high resolution fundamental differences in the microanatomy of the normal and the degenerate cartilage-on-bone tissues as well as their responses to direct compression. We have shown that the DIC optical system provides excellent visualization of the zonally differentiated regions from 
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A. Thambyah and N. Broom: On how degeneration influenced load-bearing in the cartilageebone system the articular surface right through to the SB in the fully hydrated unstained condition. While our study compared the responses of normal and naturally occurring OA cartilage, previous studies have investigated cartilage deformation responses following anterior cruciate ligament transection 33, 34 and meniscectomy 34 . Although the latter study employed scanning electron microscope (SEM) imaging neither reported the kind of detailed microanatomical differences revealed in the present study which include (1) the effects on the deformation field of a compromised articular surface, (2) subtle changes in the cartilage general matrix that appear to be linked to fibrillar network alterations, and (3) changes in the osteochondral junction including TM multiplicity, ZCC calcification and vascularization.
MICROANATOMICAL INTERPRETATIONS
As demonstrated in earlier combined DIC and ultrastructural studies, the fibrillar network in the intact (healthy) general matrix is derived from an overall radial organization of the collagen fibrils which repeatedly interact with their neighbours to create a transverse interconnectivity 35, 36 . This tight-knit, yet spatially discrete fibrillar network, typical of the intact cartilage matrix is imaged as a largely amorphous texture under DIC [ Fig. 2(aec) ]. Any loss of interconnectivity will tend to produce fibril aggregation. Thus, although individual collagen fibrils remain beyond the resolving power of the DIC optical microscope, fibril aggregation is readily detected with this imaging system as a resolvable directional matrix texture [ Fig. 5(a,b) ].
The concept of a disconnecting or 'de-structuring' of the intact fibrillar architecture and the associated fibril aggregation has been explored previously by one of the authors 3, 4 . Beginning with the intact network, summary schematics of the different fibrillar morphologies predicted for varying degrees of de-structuring and aggregation are shown in Fig. 14(aec) . Higher levels of de-structuring and aggregation will create 'islands' of radial texture that become increasingly resolvable in progressing from the moderate to severely degenerate matrices [ Figs. 5(a,b) and 4].
In the ZCC the relatively distinct but fine radial texture most readily imaged in the healthy tissue in which there is a lesser degree of calcification [ Fig. 2(c) ] is probably a direct reflection of the fibril aggregation phenomenon described above, a view that is consistent with much earlier studies showing fibril bundles extending from deeper trabecular aggregates of collagen fibrils 37 .
A multiplicity of TMs is a feature known to be associated with degeneration 16e18,38e40 but is revealed with striking clarity in our unstained, hydrated slices (see Figs. 6 and 7) . The intense waviness of these multiple TMs (Fig. 7) , a feature also reported earlier by others 14, 38, 41 , may suggest differential growth rates of the mineralizing front. Interestingly, the number of TMs we have imaged (up to 15 in the degenerate tissues) far exceeds the numbers reported in the studies referenced above, all of which relied on standard chemical staining methods. This may well be due to the fact that the DIC image relies entirely on intrinsic optical property differences and thus eliminates any image variability that might arise from the ZCC's known histochemical sensitivity 42 .
It is known that more than one TM may be identified even in normal joints [see Fig. 2(c) ] and that the presence of multiple TMs is not a unique feature of OA 12 . Hence we propose that the number more than simply the observation of TM multiplicity is a potentially more useful indicator of degenerative change.
The vascular invasions extending through the cement line and into the ZCC in the fibrillated group (Fig. 8 ) are similar to those reported earlier as indicators of new SB formation/remodeling or chondromalacia 38, 40, 43 . The presence of osteocytes around these vessels (see arrowed regions in Fig. 8) indicates that a new layer of bone has been formed. This is consistent with the suggestion that the calcified cartilage of the TM region in the degenerative joint undergoes replacement by bone with an associated remodeling of the bony contour of the joint 38 . The advance of such ossification towards the articular surface might increase the stress gradients across the calcified/non-calcified regions and then contribute to increased wear of the overlying articular cartilage during weight bearing and lead to its rapid asymptomatic thinning 13 .
MICROMECHANICAL INTERPRETATIONS
While the indentation method employed in the present study was not intended to represent the actual contact conditions experienced in the functioning joint, the system of standardized compression has enabled us to explore at a fundamental level how varying degrees of pathology influence the micromechanical response of the cartilageebone complex maintained in its near physiological state.
In both the intact and mildly compromised tissues, where the strain-limiting surface layer remains functional, three primary reactions to compression can be defined [ Fig. 15(a) ]. The hydrodynamically induced volumetric dilatation of the matrix is opposed by two reactions generated by the strain-limiting articular surface layer and the osteochondral junction. This gives rise to the characteristic chevron shear discontinuity near the TZ 22 . The third reaction is generated by the wider continuum of tissue beyond the directly loaded region in which the strain-limiting surface layer creates a 'trampoline' effect as visualized by the presence of the tensile force lines [see Fig. 11(b,d) ].
Note, however, that relative to the intact samples the mildly compromised tissue exhibited a more acute shear discontinuity [compare Fig. 9(a and b) ]. Importantly, this discontinuity was still located within the TZ and thus provides further evidence that it involves a complex interplay between (1) the functional constraint of the surface layer, (2) the compliance of the cartilage general matrix and (3) the transitional structure linking the radial and tangential fibrillar architectures 22 .
The secondary crease morphology observed in the mildly degenerate samples in the immediate vicinity of the chevron boundary ( Fig. 12 ) appears similar to the 'matrix streaks' 
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A. Thambyah and N. Broom: On how degeneration influenced load-bearing in the cartilageebone system reported much earlier in aged human cartilage 44 . A similar feature was also observed in healthy bovine cartilage that had been artificially depleted of its proteoglycans (PGs) and then compressed 45 . It should be noted that both of these previously reported morphologies were correlated with a collective collapse of fibrils imaged ultrastructurally by transmission electron microscopy. This reinforces our premise that the directional matrix textures observed by DIC in the degenerate cartilage matrix are a reflection of de-structuring and aggregation of fibrils and their altered recruitment within a local stress environment.
In the moderate to severely degenerated tissues where the strain-limiting function of the surface tangential layer is absent there is no chevron discontinuity, the laterally displaced matrix being constrained only by its osteochondral attachment and any interconnectivity still remaining within the matrix [ Fig. 15(b) ]. On this latter point, it should be noted that the presence of deep radial clefts in the general matrix of the severely degenerate cartilage [ Fig. 3(d) ] is consistent with a major reduction in its transverse strength. As noted earlier the strong radial textures associated with these clefted regions [see Fig. 13(a) ] are an indication that the fibrillar network has been extensively de-structured. The loss of transverse connectivity resulting from this de-structuring will produce a matrix that is more collapsible (readily sheared) and hence less able to transmit forces into the wider continuum of non-directly loaded matrix. The high magnification images of the edge-effect regions of the moderate and severely degenerate samples shown in Fig. 13(a,b) clearly illustrate this large-scale aggregation and related collapse of the now de-structured fibrillar network. 1417 Osteoarthritis and Cartilage Vol. 15, No. 12 In the intact matrix, the intrinsic compressive stiffness is a consequence of the entrapment of water by the hydrophilic PGs which are in turn immobilized within the fibrillar network. This intimate physicochemical association between the fibrils and PGs also results in an ultra-low permeability matrix that greatly restricts fluid flow. The rate of fluid flow in the lateral direction away from the region of direct compression will depend on the level of the applied stress and the compressive resistance or stiffness of the matrix (i.e., the fibrillar/PG complex) since it is only as the matrix consolidates that water can be displaced 46 . This incompressible water therefore provides the physical continuum that links the overall compressive strain of the matrix to the volumetric dilatation which is, in turn, controlled by the fluid flow within the poroviscoelastic cartilage matrix.
Degradation-related changes are known to affect both the fibrillar and PG components and the manner in which they interact 47e50 . Thus, alterations in PG swelling potential and fibril network de-structuring and aggregation, as well as the more macroscopic disruption of the strain-limiting articular surface, will significantly influence the response of the cartilage matrix to compression.
It has been suggested that the surface layer contributes significantly to cartilage load-bearing in preventing fluid exudation from the matrix, whilst maintaining a high internal fluid pressure to resist axial compression 51, 52 . It is argued that damage to, or loss of, the articular surface results in an increased hydraulic permeability, with a consequential shift from flow-dependent pressurization to increased solid loading-bearing 53 . However, this suggestion that the articular surface plays such a pivotal role in limiting fluid outflow is countered by both the earlier studies of Maroudas 54 and the present. The outwards radiating deformation pattern observed even in the degenerate tissues which lack a functional surface layer [ Fig. 10(b) ] indicates that a significant flow-dependent mechanism still operates. It would seem that the articular surface functions more as a strain-limiting rather than a permeability-limiting role: under compressive loading the surface layer ensures that the structural integrity of the general matrix is maintained. The laterally directed volumetric dilatation of the compressed matrix is thereby controlled, thus influencing the overall Poisson strain effect.
Kiviranta et al. 55 have shown that the Poisson's ratio of cartilage is inversely correlated with collagen content, being the lowest in the collagen-dense superficial layer and the highest in the intermediate zone where the most lateral expansion tends to occur 56 . Such zone-dependent expansion is consistent with our observation of the chevron shear discontinuity which appears to be depth-dependent.
A detailed knowledge of how cartilage as a complex structure responds to load is fundamental to our understanding of both normal joint function and its malfunction. While recent theorists in the area of cartilage modelling have attempted to incorporate significant structural aspects 57e62 , the utility of their models will depend on the extent to which realistic structural principles and structural responses to load are represented. These theoretical studies continue to emphasize the importance of incorporating accurate anisotropy and inhomogeneity effects when modelling the compressive response of cartilage 57e62 .
Our present experimental study has shown that articular cartilage responds in a complex multiaxial manner when subjected to uniaxial compression. Khalsa and Eisenberg 63 acknowledge that direct compression of cartilage involves the complex 'co-mechanisms' of PG-related compressive resistance and collagen-related tensile resistance, what Bursac et al. 58 term the tensionecompression paradigm. Importantly, these workers note the inadequacy of employing single-phase models to represent the role of the solid components. Composite models that include fibrillar and non-fibrillar solid components 64, 65 have yielded better results. However, these models still largely depend on the input of mechanical properties that do not fully represent many of the important viscoelastic properties of cartilage, for example, properties that may be strain-rate dependent, and this is especially significant when modelling the degenerate matrix. More recent studies aimed at modelling cartilage degeneration have used parametric inputs that reflect changes in mechanical properties of the fibrillar and non-fibrillar components 66 , or by iteratively fitting numerical data to experimental results 67 . Wilson et al. 62 have applied their poroviscoelastic fibril-reinforced model to study fibrillar alignment during loading, an approach that could be further developed in conjunction with the present experimental findings. Another promising approach would be to link the physical and mechanical input parameters to actual matrix structure and composition as has been attempted in the recent modelling studies of Wilson et al. 68, 69 . Such an approach would have significant application in modelling degeneration-related effects.
However, any rigorous modelling of cartilage degeneration would need to include structural changes that (1) reduce the continuity of the strain-limiting surface layer; (2) cause varying degrees of interruption in transverse interconnectivity of the fibrillar architecture in the general matrix; and (3) influence the mechanical attachment of cartilage to its underlying bone. Such an approach is also consistent with the suggestion of Herzog and Federico 70 that rather than assigning measured mechanical parameters to numerical models and fitting them to experimental results, there should be a greater emphasis on including more precisely the state of the microstructure before loading and how it changes with loading.
Conclusion
This study demonstrates the considerable advantages of using DIC to provide a high-resolution microanatomical description of the integrated osteochondral tissue system. Importantly this method provides efficient structural differentiation across the full continuum of matrices, from normal to severely degenerate. Our study demonstrates the important 1419 Osteoarthritis and Cartilage Vol. 15, No. 12 functional role played by the strain-limiting articular surface, the consequences associated with its disruption, as well as the loss of effective stress transmission associated with a 'de-structured' general matrix; and all of this with the cartilage integrated with both its subchondral tissues and the wider continuum of non-directly loaded cartilage. Fig. 13 . Examples of matrix texture in edge-effect region of moderate to severely degenerate samples: (a) extended radial texture reflecting large-scale fibril aggregation following de-structuring; (b) texture with a secondary 'in-phase' collapsed morphology (see circled region) suggesting a more complex deformation field.
Fig. 14.
Interpretive schematics suggesting relationship between various textures observed by DIC in the mid-to-deep cartilage matrix and fibrillar architecture, prior to and following compression. (a) Pseudo-random fibrillar network in intact matrix is derived from a radial array of fibrils which repeatedly interact with their neighbours to create transverse interconnectivity. The absence of fibril aggregation in this form of network implies that it will exhibit minimal radial texture at the microscopic level of resolution as is illustrated in Fig. 2(b) . (b) Some 'de-structuring' of the original network in Schematic (a) together with fibril aggregation, produces an optically resolvable radial texture which, with compression, results in the formation of a distinct crimp [refer to earlier Fig. 5(a,b) ].
(c)Large-scale 'de-structuring' and fibril aggregation will result in extensive runs of radial texture [as in Fig. 13(a) ] and under combined compression and shear will exhibit complex modes of in-phase collapse [compare Fig. 13 (b) with schematics (i) and (ii)].
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A. Thambyah and N. Broom: On how degeneration influenced load-bearing in the cartilageebone system Fig. 15 . Schematic (a) shows the three main reactions generated by the intact tissue under axial compression. Reaction (1) is provided by the strain-limiting tangential layer, reaction (2) by the osteochondral attachment and reaction (3) is in response to the tensile force lines developed in the wider continuum of cartilage. Schematic (b) illustrates the altered reactions resulting from a loss of the strainlimiting tangential layer and matrix de-structuring.
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